A general trend in steelmaking industry is to increase strength, resistance to brittle fracture and fatigue properties of steel products at favorable price. Achieving fine-grained microstructure during austenite to ferrite transformation is a basic prerequisite to improve the mechanical properties. The desired transformation can be achieved in several ways one of which is the use of small non-metallic inclusions as heterogenous nucleation sites during solidification of steel. A great attention is focused on this concept in recent years. Rare earth metals are suitable for the formation of small inclusions similarly as in the case of conventional microalloying elements such as niobium, titanium, vanadium and other. Rare earth metals have a high affinity to oxygen and sulfur. The paper deals with the optimization of microstructure of 42CrMo4 low alloy structural steel used for machine parts exposed to higher stresses. The steel was alloyed with cerium in the form of mischmetal to achive fine-grained microstructure. Operational experiment was proposed and realized in accordance with results of laboratory experiment.
OPTIMIZATION OF MICROSTRUCTURE OF THE LOW ALLOY STRUCTURAL STEEL USING RARE EARTH METAL (REM) ADDITION
Due to ever incresing demands of customers on increasing usefull properties of steels while maintaining reasonable prices, it is necessary to continuously look for ways on improving steel quality. One of possible options is to optimize the microstructure by refinement of grain size and thus achieving better mechanical properties. It is generally known that, different combination of microalloying and thermomechanical treatment can be used for achieving fine-grained microstructure of steels. In addition to standard microalloying elements such as aluminum, titanium, niobium and vanadium it is also possible to use rare earth metals, whose inclusions can act as heterogeneous nucleation sites during solidification of steels [1] . Group REM includes 15 lanthanides. They are present in low concentrations in the earth's crust and there are difficulties with economical extraction of these metals. China holds 48 % of global REM reserves and until 2012 global REM production was almost exclusively in China [2] . REM help to increase recrystallization temperature, to improve high temperature performance in heat-resistant steels and formability of high alloy steels as well as to increase abrasion resistance in some steel grades [3] .
Recently, REM were used to increase the quality of high alloyed tool steels [4, 5] . Addition of theses metals changed the morphology of eutectic carbides and ameliorated distribution homogeneity of the particles in the matrix metal. Wang et al. found that adding a trace amount of elements REM, Te and B in tool steel quality CD-2 changes the morphology of the carbide network in granular form, which results in improved toughness and resistance to crack propagation [6] .
Influence of cerium and lanthanum addition on the morphology of eutectic carbides M7C3 in steel AISI D2 was studied in the work [7] . The addition led to a significant change in morphology and size of eutectic carbides and disintegrated carbide network, resulting in homogeneous distribution of carbides in the matrix. Cerium oxides and sulfides acts as heterogeneous nucleation sites for carbides M7C3. The results of mechanical tests showed improvement in the impact strength of steel by 75 % without reducing hardness.
Zhi et al. [8] . dealt with the effect of cerium on the microstructure and properties of hypereutectic white cast iron with a high content of chromium. The primary M7C3 carbides were refined and heterogeneous nucleation took place on particles Ce2S3. Increase in impact strength by about 50 % and also slightly increased hardness were achieved by addition of 0.5 wt. % Cerium.
This paper deals with optimization of microstructure of low-alloy structural steel 42CrMo4 using REM addition. This steel is very often used for a variety of very stressed machine parts such as shafts of wind turbines, anti-friction bearings, spindles, gears, etc. The steel was alloyed with a grain refiner with the cerium form of mischmetal. Operational experiment was designed and implemented on the basis of results of laboratory experiment.
OPERATIONAL EXPERIMENT
The operational experiment was designed on the basis of the literary analysis of given issues and results of the laboratory experiment [9] . The aim was to verify the possibility of using REM additives for improving internal quality of the steel 42CrMo4 in conditions of the VHM. Chemical composition of the heat of produced steel is given in Table 1 . Alloying with cerium was carried out with use of filled profile, see Table 2 . Composition of the filled profile shows the limit for steel containing a certain amount of chromium. Cerium was added to the steel after completion of its vacuum treatment to the amount of 0.06 wt. %. Two identical ingots indicated as 8K27SF weighing 23,9 tons were cast on the one plate. Argon protection of casting stream was used for minimizing steel reoxidation especially in the case of Ceadded steel. The standard time of casting of this ingot type in VHM is about 14 minutes. Casting of this experimental heat was initially without problems, but after 11 minutes of casting there was nozzle clogging with significant drop in casting speed. Time of ingot casting was thus longer than in case of standard production. The first ingot was cooled by controlled cooling and then longitudinally cut out for studying distribution of cerium in the cross section of the ingot. The samples for chemical composition were taken from the ingot by drilling. Totally uneven distribution of cerium in the ingot and the relatively low its utilization of about 30 % was found. The highest content of cerium was observed in the bottom part of ingot. It was 0.0194 wt. % (Ie. 194 ppm) in the wall of the ingot and 0.0170 wt. % (I.e. 170 ppm) in the axis of the ingot. The content of cerium gradually decreased toward the head of the ingot. Cerium content in hot top of the ingot was only 0.0150 wt. % (I.e. 150 ppm).
The second ingot was re-forged on 120 MN forging machine into round bars with three different diameters (540 mm, 600 mm and 690 mm). The forged pieces were then subjected to a standard heat treatment, which is common for the given steel, i.e. quenching and tempering. Samples for metallographic analysis and testing of mechanical properties were taken from all three produced forged pieces.From each bars, samples were taken from the middle of the bar, ¼ of diameter and below the bar surface. The results of analyses and tests were compared with the test results obtained during standard manufacturing of forged pieces from the 42CrMo4 steel. Dispersion of very small inclusions of cerium in the metallic matrix as well as fine-grained structure and increase in both tensile strength and yield strength is expected.
Bands with different etching response characterizing the forging rate of steel were detected during evaluating of the macrostructure (Fig. 1) on the transverse cut of the sample. Weak dendritic structure was observed into a depth of about 100 mm. The surface of the sample showed a continuous range of rough grains carrying signs of decarburization that extends to a depth of 1 mm. Further, the observed dark contour extending to a depth of 15mm and 100mm indicated square hint of segregation. The presence of numerous discontinuities in form of cracks extending up to a depth of 1.8 mm and discontinuities in the form of relay extending to a depth of max. 2.2 mm were observed on the surface of the sample. was greatest in the middle of the bar. It was almost double that of the area under the surface. Average degree of the inclusion in the center of the bar was about 1.8 in the case of alumina inclusions in fine particles and 1.5 in case of rough particles. Silicate inclusions were not detected in fine particles and the average degree was about 0.7 in case of rough silicate particles.
Evaluation of austenitic grain size was measured according to ASTM E 112 by the comparative method at a magnification of 200 x. Average austenitic grain size below the surface of the diameter of the bar was 10. It was around 9 d in a quarter of the diameter and in the middle of the experimental bar.
The microstructure of the whole forging ingot was very similar in all examined places. Structure was bending, containing mainly ferrite-pearlite-bainite. Typical examples after etching in 2 % HNO3 are presented in Fig. 2 and Fig. 3 . Table 3 . The results of tensile tests were determined by arithmetic average of 3 tests. In case of the impact tests, the results were determined as an arithmetic average of 6 tests. It can be seen that the values of KV correspond with the results of tensile tests. The results obtained from the performed study unfortunately showed that alloying with cerium does not produced the desired effect in terms of improved microstructural parameters and mechanical properties of steel compared to standard production. It was therefore suggested next action which should in the future be effective. These include:
Nov 19 th -21 st 2014, Pilsen, Czech Republic, EU -Longer purification of steel with argon after addition of cerium. Ar flow rate must be chosen so as not to expose the steel surface to surrounding air environment.
-Calcium will be added into the steel before the addition of profile filled with cerium for reduction of initial oxygen content before casting.
-A larger diameter nozzle in the ladle will be used for a next trial. Only very high quality of casting ceramics will be used for eliminating risk of re-oxidation of steel.
-The next operational trial will be realized during next year.
CONCLUSIONS
The present work dealt with the optimization of structure of low-alloy structural steel grade 42CrMo4 using REM addition in conditions of VÍTKOVICE HEAVY MACHINERY a. s. Operational experiment was designed on the basis of the literary analysis of the given issues and results of the laboratory experiment. Alloying with cerium was carried out with use of filled profile. Target cerium value was 0.06 wt. %. Two identical ingots indicated as 8K27SF weighing 23,9 tons were cast. Argon protection during casting was used to eliminate re-oxidation of steel. The first ingot was cooled and then longitudinally cut out in order to investigate the distribution of segregation of carbon and sulfur and of course of cerium. Cerium utilization rate was also evaluated and its value was around 30 %. The second ingot was forged into bars with three different diameters followed by a standard heat treatment. Samples for metallographic analysis and for testing mechanical properties were taken from the all three produced forged pieces. The performed examination unfortunately showed that cerium addition did not produce any desired effect in structural characteristics as well as in mechanical properties of the steel in comparison with a steel produced by standard procedures. It is proposed that further development activities of the technology would be carried out during the next trial experiment.
